Vaccinia virus does not grow in Chinese hamster ovary (CHO-K1) cells in the absence of a viral host range factor, cowpox protein CP77. In this study, CP77 was fused to the C terminus of green fluorescence protein (GFP-CP77) and a series of nested deletion mutants of GFP-CP77 was constructed for insertion into a vaccinia virus host range mutant, VV-hr, and expressed from a viral early promoter. Deletion mapping analyses demonstrated that the N-terminal 352 amino acids of CP77 were sufficient to support vaccinia virus growth in CHO-K1 cells, whereas the C-terminal residues 353 to 668 were dispensable. In yeast two-hybrid analyses, CP77 bound to a cellular protein, HMG20A, and GST pulldown analyses showed that residues 1 to 234 of CP77 were sufficient for this interaction. After VV-hr virus infection of CHO-K1 cells, HMG20A was translocated from the nucleus to viral factories and bound to the viral genome via the HMG box region. In control VV-hr-infected CHO-K1 cells, binding of HMG20A to the viral genome persisted from 2 to 8 h postinfection (h p.i.); in contrast, when CP77 was expressed, the association of HMG20A with viral genome was transient, with little HMG20A remaining bound at 8 h p.i. This indicates that dissociation of HMG20A from viral factories correlates well with CP77 host range activity in CHO-K1 cells. Finally, in cells expressing a CP77 deletion protein (amino acids 277 to 668) or a ⌬ANK5 mutant that did not support vaccinia virus growth and did not contain the HMG20A binding site, HMG20A remained bound to viral DNA, demonstrating that the binding of CP77 to HMG20A is essential for its host range function. In summary, our data revealed that a novel cellular protein, HMG20A, the dissociation of which from viral DNA is regulated by CP77, providing the first cellular target regulated by viral host range CP77 protein.
Poxviruses fail to grow in certain host cells, a phenomenon known as host restriction (13, 15, 20, 22, 28, 38, 66, 73) . In these restrictive cells, poxvirus enters the cell efficiently but fails to complete its life cycle as a result of cell-type-specific blockages (see reference 39 and references therein). A family of poxviral host range (hr) genes has been identified, and their expression supports virus growth in restrictive cells. Vaccinia virus, the prototype of the poxvirus family, has two hr genes, the K1L and C7L genes, which support virus growth in RK13 and HeLa cells, respectively (23, 48, 65) . Growth of vaccinia virus in Chinese hamster ovary (CHO-K1) cells requires an hr gene, the CP77 (or V025) gene, from cowpox virus (33, 48, 53, 57, 63) . The modified vaccinia virus Ankara strain requires E3L protein to grow in primary chicken embryo fibroblasts and HeLa cells (27, 35) . Other poxviruses, such as myxoma virus, have several hr genes (M-T2, M-T4, M-T5, and M11L genes) that support virus growth in different rabbit cell types (4, 17, 18, 43, 71, 72) . The SPI-1 gene in rabbitpox and its orthologue in vaccinia virus supports virus growth in PK15 and A549 cells, respectively (1, 36, 59) .
The mechanism by which each viral hr protein overcomes host restriction could be unique to each protein and its cellular context. Vaccinia E3L protein suppresses both the 2Ј-5Ј-oligoadenylate synthetase/RNase L pathway and PKR in various human cell lines (5, 27, 35) . Myxoma M-T5 regulates cell cycle progression at the G 0 /G 1 checkpoint to protect infected cells from host antiviral responses induced by cell cycle arrest (31) . In addition, M-T5 regulates cellular Akt signaling and is an important tropism factor for myxoma virus infection in certain human cancer cells (72) .
Although the CP77 gene was initially recognized as the hr gene for vaccinia virus growth in CHO-K1 cells, it can replace the K1L and C7L genes in supporting vaccinia virus growth in RK13 and HeLa cells (15, 29, 48, 54) . In contrast, C7L and K1L genes do not support vaccinia virus growth in CHO-K1 cells, suggesting a unique function of the CP77 gene in this cell type (45, 48, 63) . Without CP77, the growth of vaccinia virus in CHO-K1 and HeLa cells was blocked at translation of viral intermediate RNA and, in RK13 cells, at translation of viral early RNA (29, 53, 54) . It has been suggested that the CP77 gene suppresses apoptosis in restrictive cells; however, suppression of apoptosis by adenoviral E1B, bcl-2, or caspase inhibitors does not rescue virus growth in these restrictive cells (11, 19, 29, 30, 52, 54) . Despite its obvious importance in antagonizing host restriction, the molecular basis of the hr activity of the CP77 gene remains unclear. Moreover, CP77 gene orthologues are present in other poxvirus genomes (http: //www.poxvirus.org). Monkeypox virus encodes a homologous protein of 660 amino acids (aa) in length with 91% sequence identity. Variola virus contains a shorter homologous protein of 452 residues with 87% sequence identity. Although vaccinia virus is very close to cowpoxvirus, the CP77 gene orthologue in vaccinia virus genome either is deleted (in strain Copenhagen) or becomes fragmented due to nonsense mutations (in strain WR). The role of CP77 gene orthologues in monkeypox or variola virus life cycle is not known.
This study analyzed the structure of CP77 to determine the domains that are important for its host range activity. A cellular protein that binds to CP77 was also identified and its involvement in vaccinia virus host restriction in CHO cells investigated.
MATERIALS AND METHODS
Cell cultures, viruses, yeast strains, and reagents. BHK-21 cells were cultured in RPMI medium supplemented with 10% fetal bovine serum (FBS). CHO-K1 cells were cultured in F-12 medium supplemented with 5% FBS. 293T cells were cultured in Dulbecco's modified Eagle's medium with 10% FBS. Isolation of the vaccinia virus host range mutant VV-hr has been described previously (13) . VV-hr has an 18-kb deletion of the viral genome which includes two genes, designated K1L and C7L genes, that are known to be essential for VV multiplication in various human cell lines (23, 45) . Stocks of VV-hr and recombinant viruses containing green fluorescent protein (GFP), wild-type GFP-CP77, and GFP-CP77 deletion constructs were grown in BHK-21 cells. Antibodies (Abs) against GFP were purchased from Clontech, Inc. The preparation of the rabbit anti-G8R antiserum was described previously (29) . Horseradish peroxidase-conjugated goat anti-mouse Ab was obtained from Piers Inc., and alkaline phosphatase-conjugated goat anti-rabbit Ab was obtained from Calbiochem Inc. Yeast strains L40 (MATa his3⌬200 trp1-901 leu2-3,112 ade2 LYS::(lexAop) HIS3-4 URA3::(lexAop) lacZ-8 GAL4) and AMR70 (MAT␣ trp1 leu2 his3 URA3::lexA-lacZ) were used for transformation of the LexA-DNA binding domain and Gal4 activation domain fusion proteins (70) . The yeast strains were maintained at 30°C on yeast extract-peptone-dextrose plates with 40 g/ml adenine.
Construction of CP77 deletion mutant plasmids. The CP77 open reading frame (ORF) was amplified by PCR from the cowpox virus genome and cloned into a yeast shuttle vector, pGBT9 (Clontech, Inc.). The resulting plasmid, pGBT9-CP77, was digested with EcoRI and BamHI, and the CP77 ORF insert was cloned into pcDNA3 to obtain pcDNA3-CP77, which was digested with BamHI, and the CP77 ORF was purified and subsequently cloned into pEFGP-C1 to obtain pEGFP-C1-CP77. CP77 deletion mutants were generated by digestion of pEGFP-C1-CP77 with restriction enzymes as follows. Plasmid CP77(79-668) was produced by digestion of EGFP-CP77 with HindIII and AccI, filling in with Klenow fragment, and religation; CP77(176-668) by digestion with BglII and partial MluI treatment, filling in with Klenow fragment, and religation; CP77(278-668) by digestion with XhoI and religation; CP77(353-668) by digestion with EcoRV and XhoI, filling in with Klenow fragment, and religation; CP77(441-668) by digestion with HindIII and ScaI and filling in with Klenow fragment; CP77(1-440) by digestion with ScaI and XbaI, filling in with Escherichia coli DNA polymerase I in the presence of dTTP/dCTP, and religation; and CP77(1-504) by digestion with XbaI and religation. All plasmid constructs were confirmed by sequencing.
The coding region of each of the aforementioned CP77 deletion proteins in pEGFP-C1 was excised out with NheI and BamHI [for CP77(79-668)], NheI and MluI [for CP77(176-668), CP77(278-668), CP77(353-668), and CP77(441-668)], NheI and DraI [for CP77 ], or NheI and XbaI [for CP77 . Each of the coding sequences was cloned into a SmaI-digested pSC11-360 vector, and the
FIG. 1. Construction and expression of GFP-CP77. (A)
Immunoblot analysis of GFP and GFP-CP77, expressed from the cytomegalovirus promoter, in transfected 293T cells with anti-GFP Ab (1:4,000) (B) Confocal microscopy of GFP and GFP-CP77 in transfected 293T cells. (C) Construction of recombinant VV-hr expressing GFP or GFP-CP77. VV-hr is a vaccinia virus mutant that contains an 18-kb deletion at the left end of the viral genome (13) . VV-hr-GFP and VV-hr-GFP-CP77 were generated by inserting an expression cassette containing GFP or GFP-CP77 ORF driven by an early promoter (P E ) and the lacZ gene driven by a viral late promoter (P L ) into the tk (J2R) locus, as described previously (29) . (D) One-step growth curve analysis of recombinant VV-hr viruses in CHO-K1 cells. CHO-K1 cells were infected with VV-hr-GFP or VV-hr-GFP-CP77 at an MOI of 5 PFU per cell, and cell lysates were harvested at 0, 2, 4, 8, 12, 16, 24, CP77 deletion genes were expressed from a previously described synthetic early promoter (29) . As a control, the coding region of GFP, obtained by digesting pEGFP-C1 with NheI and MluI, was cloned into SmaI-digested pSC11-360. To generate the constructs CP77(1-352) and CP77(79-352), in vitro mutagenesis was performed using a QuikChange XL site-directed mutagenesis kit (Stratagene) as described below. For EGFP-CP77(1-352), the primers 5ЈATAACATT CAGCGATATCGATTGATCATAATCAGCCATACCA 3Ј and 5ЈTGGTATG GCTGATTATGATCAATCGATATCGCTGAATGTTAT 3Ј were used with plasmid pSC11-360/EGFP-CP77 [CP77 (1-440)] as the template for the PCR (95°C for 50 s, 55°C for 50 s, and 68°C for 22 min) for 18 cycles of amplification. For EGFP-CP77(79-352), the primers 5Ј-ACATTCAGCGATATCGATTAAT AGATCTCTCTAGTGGAATAC-3Ј and 5Ј-GTATTCCACTAGAGAGATCT ATTAATCGATATCGCTGAATGT-3Ј were used with plasmid pSC11-360/ EGFP-CP77(79-668) as the template in the PCR (95°C for 1 min, 95°C for 50 s, 55°C for 50 s, and 68°C for 22 min) for 18 cycles. The PCR products were treated with DpnI (New England BioLab) for 1 h and transformed into E. coli. Plasmids were isolated from the colonies and sequenced. To generate the ⌬ANK5 construct, in vitro mutagenesis was performed using a QuikChange XL site-directed were seeded overnight and infected with VV-hr at a multiplicity of infection (MOI) of 0.1 PFU per cell at 37°C for 1 h. The cells were then transfected with 2 g of plasmid in 10 l of Lipofectamine (Invitrogen, Inc.) for 3 h and then cultured in culture medium and harvested at 4 days postinfection (p.i.). Cell lysates, prepared by three cycles of freeze-thawing in phosphate-buffered saline (PBS) containing 0.05% bovine serum albumin and 10 mM MgCl 2 , were serially diluted for isolation of individual plaques on BHK-21 cells under 1% top agarose with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (150 g/ml) staining for lacZ expression. Blue plaques were isolated and the recombinant viruses were purified three times or more until 100% purity was achieved.
One-step virus growth and virus titer determination analyses. CHO-K1 cells (6.5 ϫ 10 5 ) in 60-mm-diameter culture dishes were infected for 1 h at 37°C with VV-hr-GFP or VV-hr-GFP-CP77 at an MOI of 5 PFU per cell and harvested 0, 2, 4, 6, 12, 16, 24, and 48 h p.i. Alternatively, CHO-K1 cells were infected for 1 h at 37°C with each of the CP77 deletion viruses at an MOI of 5 PFU per cell and harvested at 0 and 24 h p.i. Virus titers on BHK-21 cells were determined as described previously (29) .
Immunoblot analysis. BHK-21 (8 ϫ 10 5 cells) or CHO-K1 (7 ϫ 10 5 cells) in 60-mm-diameter culture dishes were infected with CP77 mutant viruses at an MOI of 5 PFU per cell; then, the cells were harvested at 2 and 6 h p.i. and lysed with sodium dodecyl sulfate (SDS) sample buffer, and the proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and electrophoretically transferred to a nitrocellulose membrane at 250 mA for 3 h according to the manufacturer's protocol (Bio-Rad). After incubation with 0.2% I-block (Applied Biosystems Inc.) in PBS containing 0.1% Tween 20 (PBST) for 1 h, the membrane was incubated with primary antibody (a 1:4,000 dilution for anti-GFP Ab or a 1:1,000 dilution for anti-G8R Ab), washed five times for 5 min with PBST, and incubated with horseradish peroxidase-conjugated goat anti-mouse Ab (1: 2,000) or AP-conjugated goat anti-rabbit Ab (1:1,000). After five washes with PBST, the blots were developed using the ECL system (Amersham Inc.) or CDP-Star (Applied Biosystems Inc.) as described by the manufacturer.
Yeast two-hybrid screening for cellular proteins that interact with CP77. Yeast two-hybrid screening was performed as described previously (32, 70) . The full-length CP77 ORF was fused to LexA-DNA binding domain in the vector pBTM116 and used as a bait for yeast two-hybrid screening analyses with a human HeLa cDNA library (Clontech, Inc.) as described previously (70) . Interactions between CP77 and cellular target proteins encoded by the cDNA library activated HIS3 and lacZ reporter genes. HIS3 confers upon yeast the ability to grow on histidine-free plates supplemented with 5 mM 3-amino-1,2,4-triazole, whereas lacZ produces ␤-galactosidase was detected colorimetrically by filter assays. Several cDNA candidates including HMG20A were isolated from a total of 1.5 ϫ 10 6 yeast colonies. The specificity of HMG20A binding to CP77 bait was further tested with control vectors containing other cDNA baits, such as lamin, transforming acidic coiled-coil protein 3 (TACC3), and the PH domain of Etk (ETK-PH) (32) , and no interactions between HMG20A and the control baits mentioned above were detected. GST pulldown analyses. GST, GST-CP77, GST-CP77(1-352), GST-CP77(1-234), GST-CP77(1-175), and GST-CP77(1-131) were overexpressed in E. coli BL21(DE3) and purified by glutathione Sepharose 4B (Amersham Bioscience) beads as described previously (24) . For the pulldown assays, 10 g of each purified GST fusion protein was bound to glutathione-agarose beads and incubated with lysates of HeLa cells that had been transfected with pcDNA3.1/ HMG20A-His-V5, infected with vTF7-3 and harvested at 8 h p.i. After being mixed for 2 h at 4°C in pulldown buffer (20 mM Tris-HCl [pH 8.0], 200 mM NaCl, 1 mM EDTA, 0.5% NP-40, 2 g/ml of aprotinin, 1 g/ml of leupeptin, 0.7 g/ml of pepstatin A, and 1 mM phenylmethylsulfonyl fluoride), the samples were washed five times in the same buffer and then boiled for 5 min in SDS sample buffer. The proteins were then resolved by SDS-PAGE and subjected to immunoblot analysis using anti-V5 Ab (1:5,000).
Immunofluorescence microscopy. To monitor protein expression in virus-infected cells, CHO-K1 cells (1 ϫ 10 5 ) were seeded on coverslips in 12-well plates. The next day, the cells were transfected with plasmid pDsRed, pHMG20A-DsRed, or p⌬HMG-box-DsRed (see below), incubated overnight, and then infected for 1 h with recombinant VV-hr-GFP or VV-hr-GFP-CP77 at an MOI of 10 PFU per cell. At different times p.i., the cells were fixed for 25 min at room temperature in 4% paraformaldehyde, washed in PBS, permeabilized for 5 min at room temperature in 0.2% Triton X-100, and stained for 5 min with DAPI (4Ј,6Ј-diamidino-2-phenylindole) (0.5 g/ml). In experiments in which cells needed to be treated with rifampin to block virion assembly, it was added at a A .
The N-terminal region from aa 1 to 234 of CP77 binds to HMG20A in vitro. (A) Yeast two-hybrid analyses identified that HMG20A specifically interacts with CP77 bait and not with baits such as lamin, TACC3, and ETK-PH. (B) The diagram shows CP77 protein with the nine ankyrin repeats (gray boxes). The GST-CP77 deletion constructs used are shown below; the numbers represent the C-terminal amino acids in each constructs. (C). GST pulldown with purified recombinant GST-CP77 deletion proteins. Each purified proteins were separated on SDS-PAGE, stained with Coomassie blue, and photographed. For the pulldown assays, 10 g of each purified recombinant protein bound to glutathione-agarose beads was incubated with virusinfected cell lysates overexpressing V5-tagged HMG20A. The beads were then washed, and the pulled-down HMG20A protein was analyzed in immunoblot with anti-V5 Ab (1:5,000).
FIG. 4. HMG20A is a nuclear protein.
A schematic representation of the HMG20A constructs is shown at the top of the figure. The green box represents the HMG box region that binds to DNA. CHO-K1 cells were transfected with pDsRed, pHMG20A-DsRed, or p⌬HMG-boxDsRed plasmids that express DsRed fusion protein from a cytomegalovirus promoter and cell images collected at 24 h posttransfection by confocal laser scanning microscopy (Carl Zeiss, Gottingen, Germany) using a 100 ϫ objective lens with excitation/ emission wavelengths of 563 nm/582 nm for DsRed, 359 nm/461 nm for DAPI, and 484 nm/510 nm for enhanced GFP.
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final concentration of 100 g/ml into the culture medium after virus infection and remained in the medium until cell harvesting at 8 h p.i. Cell images were collected by confocal laser scanning microscopy (Carl Zeiss, Gottingen, Germany), using a 100 ϫ objective lens. For quantification, roughly 150 cells were individually counted in each experiment to determine the number of cells containing HMG20A at viral factories (HMG20A ϩ cells) or not containing HMG20A at viral factories, and the percentage of HMG20A ϩ cells was determined accordingly.
Construction of HMG20A and deletion plasmids expressing HMG20A-DsRed fusion proteins. The pDsRed2 vector (Clontech, Inc.) was digested with AgeI, filled in with Klenow fragment, and digested with NotI, and then the DNA fragment containing the DsRed2 ORF was isolated by using agarose gel purification. Human HMG20A cDNA (IRAKp961D0315) was purchased from the Ressourcenzentrum f Genomforschung resource center, and the coding region was amplified by PCR using the primers 5Ј-ATGGAAAACT TGATGACTAGCTCC-3Ј and 5Ј-ACGATCGAGTCTGTTCACAACTTC-3Ј and cloned into the vector pcDNA3.1/V5-His (Invitrogen), resulting in pcDNA3.1/HMG20A-V5-His, which was subsequently sequenced. This plasmid was digested with EcoRV and NotI and the DsRed2 ORF DNA fragment (purified as described above) inserted to obtain plasmid pHMG20A-DsRed. The p⌬HMG-box-DsRed plasmid was generated from pHMG20A-DsRed, using an in vitro mutagenesis kit (Stratagene, Inc.), and the primers 5Ј-CCT CTTCGAGACAGCAATGCACAGAAAACAGAGGCCTACAAG-3Ј and 5Ј-CTTGTAGGCCTCTGTTTTCTGTGCATTGCTGTCTCGAAGAGG-3Ј to remove internal sequences encoding amino acids 103 to 170.
RESULTS
Construction and expression of nested deletion mutants of the GFP-CP77 fusion protein. CP77 was fused to the C terminus of GFP, resulting in the detection of a 110-kDa fusion protein on immunoblots (Fig. 1A) (57, 63) . Immunofluorescence studies of transfected 293T cells showed that more GFP-CP77 accumulated in the cytoplasm than in the nucleus, whereas GFP was evenly distributed in the two compartments (Fig. 1B) . To ensure that the GFP-CP77 fusion protein retained its host range activity, we inserted GFP or GFP-CP77 ORF into the tk (J2R) locus of the previously described vaccinia virus host range mutant, VV-hr (Fig. 1C) (13) . Both GFP and GFP-CP77 in VV-hr were expressed from a viral early promoter, and the resulting recombinant VV-hr-GFP and VV-hr-GFP-CP77 viruses were isolated. Analysis of one-step growth curves revealed that VV-hr-GFP-CP77 virus established a productive infection in CHO-K1 cells, resulting in virus titers 53 times higher than those of the control VV-hr-GFP virus at 24 h p.i. (Fig. 1D) . The virus yield of VV-hr-GFP-CP77 was comparable to that produced by VV-36hr, a recombinant VV-hr virus expressing the wild-type CP77 (data not shown) (14, 29) . These data showed that the GFP-CP77 fusion protein retained its biological activity of overcoming restriction of VV-hr virus in CHO-K1 cells. N-terminal residues 1 to 352 of CP77 are sufficient for the host range activity in CHO-K1 cells. To determine which structural domain of CP77 was important for its host range activity, a series of GFP-CP77 N-terminal and C-terminal deletion constructs was generated ( Fig. 2A) , and these constructs were inserted into the tk locus of VV-hr for expression from a viral early promoter, as described above for full-length GFP-CP77. Recombinant viruses expressing the CP77 deletion proteins were isolated from BHK-21 cells permissive for VV-hr, as described in Materials and Methods (29) . As expected, all the recombinant viruses grew well in BHK-21 cells (data not shown). When CHO-K1 cells were infected with recombinant VV-hr viruses expressing GFP-CP77 deletion proteins, all the CP77 deletion proteins were predominantly expressed in the cytoplasm, except for CP77(278-668), which was expressed in both the nucleus and cytoplasm (Fig. 2B) . When CHO-K1 cells were infected with these recombinant viruses, with the exception of CP77(1-440) and CP77(79-352), which were expressed at lower levels, comparable expression of CP77 deletion proteins was seen at 2 h p.i. (Fig. 2C) . No major difference of proteins expression was detected between CHO-K1 and BHK-21 cells. Since host restriction in CHO-K1 cells is reported to be at the level of the translation of viral intermediate genes (53) , detection of viral intermediate proteins in infected CHO-K1 cells serves as a diagnostic marker for hr activity. When infected BHK-21 and CHO-K1 cells were harvested at 6 h p.i. for immunoblot analyses, as expected, G8R was expressed efficiently in permissive BHK-21 cells in all cases (Fig.  2D, left panel) , while in CHO-K1 cells, it was expressed in cells expressing full-length CP77, CP77(79-668), CP77(1-440), CP77(1-504), or CP77(1-352) but not in those expressing CP77(176-668), CP77(278-668), CP77(353-668), CP77(441-668), or CP77(79-352) (Fig. 2D, right panel) . Since CP77(1-440) was expressed at a low level and still retained activity, the loss of hr activity in the other CP77 deletion proteins is not due to differences in protein stability. The only exception is CP77(79-352), which was also expressed at a low level, sug- HMG20A dissociates from viral factories in CHO-K1 cells does not require virion assembly. CHO-K1 cells were transfected with HMG20A-DsRed, infected with recombinant VV-hr-GFP (A) or VVhr-GFP-CP77 (B) at an MOI of 10 PFU per cell, and then collected at 2 and 8 h p.i., fixed, permeabilized, and stained with DAPI (0.5 mg/ml). When rifampin was used, it was added to the infected cells after virus infection at a final concentration of 100 g/ml and remained in medium until cell harvesting. Cell images were collected by confocal laser scanning microscopy (Carl Zeiss, Gottingen, Germany) using a 100 ϫ objective lens. The white arrowheads show the locations of viral factories in the cells. gesting that its loss of hr activity may be due to protein instability. We therefore concluded that residues 1 to 352 of CP77 were sufficient for supporting VV-hr growth in CHO-K1 cells and that the C-terminal half (residues 353 to 668) was not needed. Virus progeny production in CHO-K1 cells infected with the CP77 deletion mutant viruses, measured by virus titers at 24 h p.i., supported this conclusion (Fig. 2E ).
CP77 binds via N-terminal residues 1 to 234 to a novel cellular protein, HMG20A, in vitro.
To examine the molecular mechanism of CP77 function, we performed yeast two-hybrid screening, using full-length CP77 as a bait, as described in Materials and Methods, and identified a cellular protein, HMG20A, which bound to CP77. This singly isolated yeast clone contained a full-length cDNA encoding HMG20A (64) . HMG20A interacted with CP77 specifically and not with other control bait proteins, such as lamin, TACC3, and ETK-PH (Fig. 3A) (32) .
HMG20A, which belongs to the HMG box family, is a protein of 347 residues (64) . To confirm that HMG20A bound to CP77, we expressed and purified GST and GST-CP77 from bacteria (Fig. 3B) . In addition, GST was fused with different N-terminal fragments of CP77 (residues 1 to 352, 1 to 234, 1 to 175, and 1 to 131) to determine the minimal region of CP77 for binding to HMG20A. These proteins were purified and used to perform GST pulldown analyses with V5-tagged HMG20A ectopically expressed in virus-infected cells (Fig. 3C) . The results demonstrated that HMG20A bound to GST-CP77 but not to GST. Besides, constructs CP77(1-352) and CP77(1-234) pulled down HMG20A, whereas constructs CP77(1-175) and CP77(1-131) did not. The results demonstrated that the CP77 (176-233) residues, containing the fifth ankyrin repeat (ANK5), were necessary and that N-terminal aa 1 to 234 were sufficient to bind HMG20A in vitro.
HMG20A is a nuclear protein and is translocated to viral factories, where it colocalizes with GFP-CP77 in infected CHO-K1 cells. We then generated a construct coding for a fluorescent fusion protein consisting of full-length HMG20A fused to the N terminus of DsRed (Fig. 4) . We also constructed a HMG20A mutant, ⌬HMG box, in which the DNA binding domain, the HMG box, was deleted by the removal of residues 103 to 170 (55) . When the plasmids were transfected into CHO-K1 cells, the control DsRed protein was spread throughout the cell, HMG20A protein was localized exclusively in the nucleus, and the ⌬HMG box mutant protein was localized in the nucleolus. These transfected CHO-K1 cells were then infected for 1 h with VV-hr-GFP-CP77 at an MOI of 10 PFU per cell and fixed at 4 h p.i. for immunofluorescence analysis (Fig.  5) . Control DsRed protein spread throughout the cell, with no specific location in cells (Fig. 5A) . In contrast, a small fraction of HMG20A was translocated into the cytoplasm after virus infection and colocalized with GFP-CP77 (Fig. 5B) at the viral factories. This shows that the translocated HMG20A binds to viral genome within the viral factories, since the ⌬HMG box mutant, lacking the DNA binding domain, was not localized to viral factories (Fig. 5C) .
CP77 regulates the dissociation of HMG20A from viral factories in infected CHO-K1 cells. To understand how HMG20A is involved in the virus life cycle and how it is kinetically regulated by CP77, CHO-K1 cells were transfected with control DsRed or HMG20A, infected with VV-hr-GFP or VV-hr-GFP-CP77, and fixed at 2 and 8 h p.i. To our surprise, translocation of HMG20A to cytoplasmic viral factories was seen at 2 h p.i. in cells infected with either VV-hr-GFP (Fig. 6A) or VV-hr-GFP-CP77 (Fig. 6B) , indicating that nuclear export of HMG20A after virus infection does not require CP77. Consistent with the data in Fig. 5, HMG20A was specifically colocalized with GFP-CP77 (Fig. 6B) but not with GFP (Fig. 6A) at the viral factories. As expected, control DsRed did not localize in viral factories (Fig. 6C) . At 8 h p.i., the association of HMG20A with viral factories persisted in cells infected with VV-hr-GFP (Fig. 6A) but not in cells infected with VV-hr-GFP-CP77 (Fig. 6B) , suggesting that CP77 causes dissociation of HMG20A from viral factories. Figure 6D shows the numbers of infected cells containing HMG20A-positive viral factories at 2, 4, and 8 h p.i. The data showed that 61.4%, 60%, and 54.1% of VV-hr-GFP-infected cells contained HMG20A-associated viral factories at 2, 4, and 8 h p.i., respectively, while in VV-hr-GFP-CP77-infected cells, the corresponding values were 68%, 39%, and 7.5%. The data therefore revealed two important points about the involvement of HMG20A in vaccinia virus infections. Firstly, CP77-independent translocation of nuclear HMG20A to cytoplasmic viral factories occurred early after vaccinia virus infection, and secondly, CP77-dependent dissociation of HMG20A from viral factories was seen at 4 to 8 h p.i, concomitant with viral intermediate gene expression in the cells.
To demonstrate that CP77-dependent dissociation of HMG20A did not occur as a consequence of virus growth, we monitored HMG20A dissociation from viral factories when virion assembly is inhibited by rifampin (Fig. 7) . Rifampin is a drug that prevents formation of the crescent-shaped viral membranes and subsequent steps in virus morphogenesis without a significant effect on viral gene expression and DNA or protein synthesis (41, 42, 61) . CHO-K1 cells were infected with VV-hr-GFP-CP77 and subsequently treated with rifampin at a dose of 100 g/ml. Control infections with VV-hr-GFP (Fig.  7A) or VV-hr-GFP-CP77 (Fig. 7B ) on cells that were not treated with rifampin were performed in parallel. As expected, in rifampin-treated cells, viral protein synthesis remained active, while the VV-hr-GFP-CP77 titer was effectively reduced 800-fold by the drug (data not shown). More importantly, dissociation of HMG20A from viral factories at 8 h p.i was not inhibited by rifampin in cells infected with VV-hr-GFP-CP77 (Fig. 7B) , and the quantified results, as shown in Fig. 7C , also supported the same conclusion. The findings thus strongly supported the concept that CP77 regulates HMG20A dissociation in a direct way. CP77 binding to HMG20A is essential for HMG20A dissociation from viral factories in infected CHO-K1 cells. To demonstrate that CP77 binding to HMG20A is required for dissociation of HMG20A from viral factories, we employed two additional recombinant viruses, VV-hr-CP77 (1-352) , a CP77 mutant virus that contains the HMG20A binding region and has host range function, and VV-hr-CP77(278-668), which does not. CHO-K1 cells were transfected with HMG20A, infected for 1 h with VV-hr-GFP, VV-hr-GFP-CP77, VV-hr-GFP-CP77 (1-352) , or VV-hr-GFP-CP77(278-668) at an MOI of 10 PFU per cell, and fixed at 2 and 8 h p.i. for immunofluorescence analysis. As shown in Fig. 8A , translocation of nuclear HMG20A to cytoplasmic viral factories occurred at 2 h p.i in all four sets of infected cells, confirming that nuclear export of HMG20A after virus infection does not require CP77. At 8 h p.i., dissociation of HMG20A from viral factories occurred in cells expressing full-length GFP-CP77 or GFP-CP77(1-352), both of which were shown to bind to HMG20A in vitro. In contrast, HMG20A remained bound to viral factories in cells expressing control GFP or GFP-CP77(278-668), which lacks the HMG20A binding site at residues 1 to 234. The quantified immunofluorescence data are shown in Fig. 8B . Together, the results showed that CP77 binding to HMG20A is required for dissociation of HMG20A from viral factories.
Although GFP-CP77(278-668) provided good evidence that HMG20A binding is important for CP77 activity, one might still argue that the conclusion is flawed due to the fact that CP77(79-668) grew well in CHO-K1 cells and that CP77(278-668) had residues 235 to 277 removed in addition to aa 1 to 234. Thus, we constructed an additional CP77 mutant virus, a ⌬ANK5 virus, that had the ANK5 domain from aa 191 to 231 deleted, within a region shown to be necessary for CP77 binding to HMG20A (aa 175 to 234) in GST pulldown analyses (Fig. 3) . Expression of ⌬ANK5 protein was detected in the infected CHO-K1 cells; however, viral intermediate (G8R) and late (H3L) proteins were not detected (Fig. 9B) , suggesting that the CP77 ⌬ANK5 protein has lost the hr activity. Consistently, in one-step growth analyses, the ⌬ANK5 virus titer increased a minimal 6.5-fold at 24 h p.i. when the full-length GFP-CP77 grew 127-fold, showing a decrease of 20 times in virus yield (Fig. 9C) . Most importantly, in cells expressing ⌬ANK5 protein, HMG20A was translocated to viral factories at 2 h p.i. and remained bound to viral factories at 8 h p.i. (Fig.   9D ). As shown in Fig. 9E , in cells infected with ⌬ANK5 mutant, most (ϳ70%) of the HMG20A that already translocated to viral factories at 2 h p.i. remained bound to viral DNA at 8 h p.i., whereas in cells expressing full-length GFP-CP77 most (ϳ75%) of HMG20A that bound to viral DNA at 2 h p.i. became dissociated at 8 h p.i. (Fig. 9E) , demonstrating that CP77 hr activity requires CP77 binding to HMG20A to dissociate HMG20A from viral factories.
DISCUSSION
This study showed that the N-terminal region 1 to 352 of CP77 was sufficient for rescuing vaccinia virus growth in CHO-K1 cells. We also demonstrated that CP77 binds to a cellular protein, HMG20A, as shown by yeast two-hybrid analysis, GST pulldown analyses in vitro, and immunofluorescence studies of virus-infected cells. Since HMG20A is a nuclear protein, our original hypothesis was that CP77 binds to HMG20A and promotes nuclear exit of the latter. However, our data argue against this. First, in cells infected with VV-hr-GFP, translocation of nuclear HMG20A to viral factories in the cytoplasm readily occurred at an early stage, suggesting that virus infection triggered nuclear export of HMG20A. In addition, expression of CP77 resulted in no further increase in cytoplasmic accumulation of HMG20A. Thus, it appears that the early translocation of HMG20A from the nucleus to viral factories is not regulated by CP77. Instead, our results revealed that the subsequent dissociation of HMG20A from viral factories at 4 to 8 h p.i. requires CP77.
Several pieces of evidence supported the idea that HMG20A plays an important role in CP77 host range activity. First, full-length CP77 dissociates HMG20A from viral factories in the infected cells. Dissociation of HMG20A does not require virion morphogenesis, implying a direct regulation. Second, the minimal active CP77 construct [CP77(1-352)] also retains the HMG20A binding site and the ability to dissociate HMG20A from factories, supporting the idea that HMG20A binding and dissociation correlate well with CP77 function. Third, two CP77 mutant proteins, CP77(278-668) and the ⌬ANK5 protein, lacking the HMG20A binding site, were unable to dissociate HMG20A from viral DNA and had little hr activity, demonstrating that CP77 hr activity requires HMG20A binding to allow HMG20A to be dissociated from viral factories. Together, our data showed that HMG20A dissociation from viral DNA was temporally regulated through its interaction with CP77 in CHO-K1 cells. We previously tried to coimmunoprecipitate HMG20A with CP77 in infected cells but without success (data not shown). It could be that only a small fraction of nuclear HMG20A is translocated to viral factories anti-G8R Ab (1:1,000), or anti-H3L Ab (1:2,000), respectively. (C) The CP77 ⌬ANK5 mutant has lost the hr activity. CHO-K1 cells were mock infected or infected with VV-hr-GFP, VV-hr-GFP-CP77, or ⌬ANK5 virus as described in the legend to and that the interaction of CP77 with HMG20A is transient, making coimmunoprecipitation difficult. HMG20A belongs to a family of proteins containing the HMG box domain, a motif consisting of approximately 70 amino acids and forming three ␣-helices that bind to the minor groove of DNA in a non-sequence-specific manner (10, 67, 68) . HMG proteins are chromosome remodeling proteins that recognize distorted DNA structures, such as cruciforms or chemical-induced adducts (6, 50, 51, 69) . They can also induce DNA bending by binding to the minor groove in DNA (47) . HMG box-containing proteins are therefore considered important in chromosome remodeling during DNA replication, recombination, or repair (8) . In addition, certain HMG box-containing proteins can affect gene transcription by interacting with transcription factors at the local sites (7, 10) . In Saccharomyces cerevisiae, the closest match to HMG20A is NHP6A, a nonhistone chromatin-binding protein that is involved in potentiating transcription (47) . In mammalian cells, HMG20B, which shares 40% identity with HMG20A, was identified as breast cancer 2 (BRCA2)-associated factor 35 (BRAF35) (37, 64) . BRAF35 is a component of a large BRCA2-containing protein complex and is transiently localized on mitotic chromosomes during the prophase-to-metaphase transition, suggesting a role in the early phase of chromosome condensation prior to segregation (37) . Some BRAF35 is present in a non-BRCA2-containing six-subunit BRAF-histone-deacetylase complex, which mediates the repression of neuron-specific genes, suggesting that BRAF35 may regulate gene expression through remodeling of chromatin structure (25) . Finally, HMG20A was recently shown to recruit histone methytransferase MLL to the promoter of neuronal-specific genes, resulting in increased histone methylation and, consequently, transcriptional activation (74) . Although these results uncovered opposite roles for the chromosomal remodeling proteins HMG20A and HMG20B in neuronal gene transcriptional regulation (74), we found no evidence for HMG20B binding to CP77 in our yeast two-hybrid screening.
What could be the role of HMG20A in the vaccinia virus life cycle in cells? One possibility is that HMG20A may serve as an adaptor to recruit CP77 to viral factories. Known as a chromatin remodeling protein, HMG20A may bind to postreplicative DNA intermediates and recruit CP77 to viral factories. Vaccinia virus DNA replication requires two distinct processes, the synthetic and processing phases (3, 12, 41) . The initial synthetic phase generates multiple-branched DNA intermediates with hairpins at the concatemer junction (12, 16, 41, 44) . With Holliday junctions and crossover branches, these postreplicative concatemeric DNA intermediates could be stabilized by binding to HMG20A in infected cells. In the absence of CP77 expression, the processing of viral DNA is blocked and HMG20A remains bound to the DNA concatemers. In the presence of CP77, the interaction of HMG20A and CP77 at viral factories allows CP77 to interact with other factors to rescue virus growth, leading to concatemer resolution into unit-length viral genome and, thus, HMG20A dissociation from viral DNA (16, 41) . A second possibility is that, since HMG20A has been shown to regulate gene transcription in neuronal cells (74) , it may affect viral intermediate gene transcription such that CP77-dependent dissociation of HMG20A affects virus translation in CHO-K1 cells. It is conceivable that the binding of HMG20A to the viral genome may alter DNA architecture and facilitate the assembly of protein complexes that control intermediate gene transcription. On the other hand, viral intermediate translation occurred only in cells infected with CP77, which triggers dissociation of HMG20A, implying that HMG20A may negatively regulate the viral intermediate transcription-translation switch. Clearly, other hypotheses are possible, and more study is needed in the future. Although there is no precedent for cellular protein affecting vaccinia viral genome architecture, two HMG box-containing proteins have been reported to be important for virus growth (21, 62) . A cellular HMG box-containing protein, T160, is involved in the replication of murine cytomegalovirus, as suppression of T160 expression impairs murine cytomegalovirus replication (21) . Another cellular HMG box-containing protein, HMGB1, enhances the replication and transcription activator-mediated viral gene expression of gamma-2 herpesvirus (62). Besides HMG20A protein, several host nuclear factors associated with vaccinia viral factories in infected cells have been identified (9, 46, 60) . Whether HMG20A influences the binding of these cellular factors to the viral genome is not known.
Host restriction is also described for other viruses, such as human immunodeficiency virus (HIV). Growth of HIV is restricted by a cellular APOBEC3G protein (26, 49) , which belongs to a family of cellular deaminases that introduce catastrophic mutations into the HIV genome (34, 75) . To counteract that lethal effect, the HIV Vif protein binds to APOBEC3G protein to promote its degradation (40, 56) . Cells permissive of HIV expressed minimal or no APOBEC3G mRNA whereas restrictive cells expressed abundant levels of APOBEC 3G mRNA (58) . It will be interesting to determine whether expression of HMG20A transcripts is more abundant in the restrictive cells. Alternatively, it is also possible that other mechanisms, such as intracellular translocation of HMG20A, could be regulated differently in permissive cells than in restrictive cells. CP77 contains nine ankyrin repeats which are known to function as protein interaction domains. A myxoma host range protein, the M-T5 protein, contains seven ankyrinrepeat domains and was shown to bind to cellular E3 ligase complex member cullin-1 to regulate cell cycle (31) and to bind to Akt protein to regulate host kinase signaling (72) . Although HMG20A was first identified in cellular protein binding to CP77, there might be other cellular factors regulated by CP77. It is worth noting that the growth of CP77 ⌬ANK5 mutant virus in CHO-K1 cells was severely compromised; however, a small increase (sixfold) in virus titer at 24 h p.i. was observed, implying that CP77 ⌬ANK5 may retain modest hr activity through modulating other cellular factors. More experiments to identify these cellular factors in the future are awaited.
